Summary
tic knowledge was reviewed recently in the OeCD report, "the Adverse Outcome Pathway for Skin Sensitization Initiated by Covalent Binding to Proteins" (OeCD, 2012a) and distilled into a number of key events: penetration of the sensitizing ingredient into the viable layers of the skin; modification of skin protein by the sensitizing ingredient (either directly or via metabolic or abiotic transformation of a precursor); production of danger signals and inflammatory mediators by keratinocytes, fibroblasts, and skin-resident dendritic cells; uptake, processing, and presentation of modified protein by dendritic cells; maturation and migration of dendritic cells to the local lymph node; antigen presentation to specific naïve T cells, and subsequent T cell proliferation and differentiation; and the generation of a sufficient population of antigen-specific memory T cells required to mediate an elicitation response at the site of re-exposure. In humans, the resulting elicitation response is observed clinically as an eczematous skin reaction.
this mechanistic knowledge has motivated the development of a number of methods for assessing chemical sensitization hazard potential or potency without the need for animal testing (Adler et al., 2011) . expert weight of evidence approaches for interpreting the combined results from these test methods have shown that it is now increasingly feasible to identify potential skin sensitizing ingredients without the use of animal data (Bauch et al., 2012) . Additionally, data-driven approaches
Background
Determining the risk of acquiring skin sensitization, and its subsequent clinical manifestation as allergic contact dermatitis (ACD), is a crucial aspect of assuring consumer safety for a wide variety of home and personal care products. Decisions on consumer safety are based on a risk assessment of the product ingredients that takes into account both the hazardous properties of the ingredients and the consumer exposure scenario specific to the product. When skin exposure is expected, an understanding of the hazardous property of the ingredient with respect to skin sensitization is sought, and for this purpose the mouse local lymph node assay often is regarded as the in vivo assay of choice Felter et al., 2002 Felter et al., , 2003 . the utility of the mouse local lymph node assay lies not only in hazard identification (the ability to identify potentially sensitizing ingredients) but also as a hazard characterization assay, i.e., with the ability to determine a dose-response relationship and a definable potency. The ability to make risk assessment decisions without animal testing will rely upon the confident prediction of this dose-response relationship in humans.
Both the biology and chemistry of skin sensitization have been well studied over a number of decades, and a clear picture of the key steps in the mechanism of action is emerging (Basketter and Kimber, 2010; lepoittevin et al., 2011) . this mechanis-for predicting sensitizer potency also have been developed (Jaworska et al., 2011 . As of yet, no attempt has been made to predict the human dose-response relationships required for consumer safety risk assessment. Moving from a single in vivo assay to such a robust interpretation of a number of in vitro, in chemico, and in silico methods, each assessing a key event, requires both a significant level of mechanistic insight as well as mechanistically-defensible methods with which to integrate disparate data types (Jowsey et al., 2006) . the OeCD report presents an adverse outcome pathway (AOP) for skin sensitization (see Fig. 1 ). An AOP has been defined as "a conceptual construct that portrays existing knowledge concerning the linkage between a direct molecular initiating event and an adverse outcome at a biological level of organization relevant to risk assessment" (Ankley et al., 2010) . the molecular initiating event (MIe) and the adverse outcome serve as anchors at each end of the AOP, with the intermediate relationships across levels of biological scale provided by available mechanistic, causal, or associative information from relevant in vivo, in vitro, or computational approaches. As AOPs are based on available mechanistic knowledge they can be highly detailed or sparsely populated, depending on the level of information available and required by the risk assessment problem. By formalizing this knowledge, an AOP can offer a sound mechanistic basis for a transparent risk assessment. However, a methodology for quantification is key: quantification of the resulting dose-response and response-response relationships across the specified levels of biological organization would be required to judge the likelihood of an adverse response occurring for a given ingredient exposure (OeCD, 2011) .
AOPs detail the known molecular, biochemical, cellular, organ-and organism-level effects of a toxicant on the biological system. As such, quantification would enable the mapping of the magnitude of the MIe to the likelihood and/or severity of the adverse outcome, i.e., provide the toxicodynamics (tD) of the response. Correspondingly, quantification of how consumer exposure determines the ingredient concentration at the site of the MIe provides the ingredient toxicokinetics (tK). taken together, these quantitative descriptions of the toxicokinetics and toxicodynamics provide the relationship between consumer exposure and the likelihood and/or severity of the adverse outcome: this is the information required in order to determine a safe exposure. Mathematical and statistical modeling has long been used in this context to interpret experimental results from animal-based tK and tD studies (Andersen, 2003; USePA, 2005; thompson et al., 2008) . More recently, however, efforts have turned to building a priori predictive tKtD models that nated a hapten, pro-hapten, or pre-hapten depending on whether it is directly acting or indirectly acting via abiotic or metabolic transformation. thus, ideally, the internal dose metric for a toxicokinetic model for skin sensitization would be the free concentration of the ingredient at the resident site of the target proteins. In general, whether, these target proteins reside predominantly in the intra-or extracellular space or on the membrane of a specific cell type is unknown. However, the epidermis and dermis generally are regarded as the skin sites where these modifications become available to the immune system through epidermal langerhans cell (lC) and dermal dendritic cell (dDC) uptake and migration (Kimber and Dearman, 2003; Pickard et al., 2009; Kimber et al., 2011) . In the absence of specific knowledge of the location of target proteins and how it varies across sensitizing ingredients, a practical starting hypothesis for the dose metric would be the free concentration of sensitizing ingredient in the viable skin (Basketter et al., 2007) . the tK modeling task, then, is one of predicting how this concentration varies over time following a defined exposure to the ingredient on the surface of the skin.
Before discussing the toxicokinetic events in skin we highlight the importance of the product use scenario in determining the actual exposure experienced by the consumer to the ingredient of concern. the product format (e.g., shampoo, skin cream, deodorant), frequency of use, and the actual ingredient concentration within the product all contribute to determining the actual concentration of ingredient applied to the skin within a given timeframe (see "Product Use" in Fig. 2) (Api et al., 2008) . With the amount of ingredient delivered onto the skin at a given concentration defined, a number of toxicokinetic processes occur that ultimately could affect the free concentration of ingredient at the target site (see "toxicokinetic events in Skin" in Fig. 2 ). The significance of these processes in determining free concentration at the target site will vary depending on the chemical properties of both the ingredient and product formulation. the most immediate events are likely to be interaction with the product formulation and evaporation from the formulation. Other abiotic transformation processes, such as autoxidation, also are likely to take place in the product formulation, either rendering the transformed ingredient's sensitization potential inert (clearance), or, in the case of pre-haptens, possibly activating it (Karlberg et al., 2008; Christensson et al., 2010) . the route of entry into the viable skin is via passive diffusion through the stratum corneum. Depending on lipophilicity and molecular weight, the rate and route of transport across stratum corneum varies, predominating through either the lipid bilayers, corneocytes or via appendages such as sweat ducts and hair follicles (Potts and Guy, 1992; Mitragotri, 2003; Magnusson et al., 2004) . Once present in the viable skin, the ingredient will distribute between extra-and intra-cellular space, where there is the potential for both phase I (activation of pro-haptens) and phase II (predominantly clearing) metabolism (Gibbs et al., 2007; Hagvall et al., 2008; van Eijl et al., 2012) . Finally, the ingredient is cleared from the viable skin via the dermal capillary bed.
to determine the free ingredient concentration in the viable skin following topical application and how it varies over the exploit knowledge of the ingredient physicochemistry, in vitro data, species-specific physiology, and the molecular and cellular mechanisms of toxicity (Shuey et al., 1995; lau et al., 2000; Maxwell and Mackay, 2008; Bhattacharya et al., 2010 Bhattacharya et al., , 2011 louisse et al., 2010; Yoon et al., 2012) . these approaches also are being investigated in the context of interpreting highthroughput in vitro toxicity screening data and sublethal effects in environmental risk assessment (Rotroff et al., 2010; Ashauer et al., 2011; Judson et al., 2011; Watanabe et al., 2011) . Here, we propose an approach to risk assessment of skin sensitization without animal testing using tailored data to support physiologically-and mechanistically-based toxicokinetic-toxicodynamic (TKTD) prediction models. A requirement of these models is that we advance both our qualitative and quantitative understanding of the skin sensitization response in humans at the molecular, cellular, and clinical levels. We consider the consumer exposure and skin ADMe properties as the mechanistic basis for toxicokinetic modeling and the OeCD AOP for skin sensitization as the mechanistic basis for toxicodynamic modeling. We outline the practical first steps in such an approach to consumer safety risk assessment and highlight the scientific and technical challenges likely to be faced.
Toxicokinetics of skin allergy
toxicokinetics often is referred to as "what the body does to the ingredient" in terms of absorption, distribution, metabolism, and excretion (ADMe). tK models can explicitly and/or implicitly model these processes to predict an internal dose metric: ideally, the free concentration of the ingredient at the target or targets that initiate the toxicological mechanism of action. Historically, toxicokinetic models have been derived for systemic exposure estimates by using an empirical, model-fitting approach based on toxicokinetic data generated in animals. Ordinary differential equations (ODE) are used to represent biological compartments, including a central compartment representing blood plasma (Welling, 1997; Boroujerdi, 2001 ). More recently, physiologically-based approaches have been developed that explicitly represent multiple organs with the required parameters, such as gut absorption rates, blood-organ partitioning, and hepatic clearance rates, predicted either a priori from chemical structure or in vitro data, or determined by fitting the models to blood plasma concentration-time profiles (Reddy et al., 2005) . the utility of such models has been in extrapolating across species, dose level, and route of exposure (thompson et al., 2008) . We discuss how these tK approaches can be applied to the ADMe processes in skin to predict local skin concentrations following topical application.
Within the AOP framework, the ingredient interaction with the target that initiates the mechanism of action is referred to as the MIe. As was highlighted in the OeCD report, the targets for skin sensitization are understood to be proteins in the skin, and the MIE is understood to be the covalent modification of their nucleophilic residues (landsteiner and Di Somma, 1938; Basketter et al., 1995; lepoittevin et al., 2011) . this process is known as haptenation, and the sensitizing ingredient desig-dose scenarios and other doses to those originally investigated experimentally. However, the in vitro nature of the experimental approach severely restricts the model utility, as a number of processes, such as metabolic transformation and capillary clearance, are expected to differ substantially from what would likely be observed in vivo.
More in vivo relevant modeling approaches have been investigated with a model structure that takes into account the majority of the key toxicokinetic processes discussed, such as evaporation, diffusion, reversible protein binding, and capillary clearance, and to make a prediction of the free concentration in viable skin over time (Ibrahim et al., 2012; Dancik et al., 2013) . the model structure at the macro-scale is similar to the compartmental model approach, with formulation, stratum corneum, and viable tissues treated as separate compartments but with a partial differential equation (PDE) approach used to track ingredient concentration as a continuous function of skin depth. this continuum PDe approach is of particular importance for describing ingredient transport across compartments with high spatial heterogeneity, such as the stratum corneum. Parameterization of the required macro diffusion rates can be achieved by fitting to clinical data encompassing tape stripping, TEWL, or Raman confocal microscopy measurements (Herkenne et al., 2008; Bonnist et al., 2011) . However, through consideration of the structure and hydrophobicity of lipid bilayers and corneocytes, significant effort has been made to determine the required diffusion and partition coefficients using only physicochemical range of chemical properties relevant to consumer products, an understanding of the relative rates of the above skin toxicokinetic events and processes is required. When these rates can be estimated with acceptable accuracy and precision, the effect of these processes on the free concentration of ingredient in the viable skin could be determined and compared within a toxicokinetic model (see Fig. 3 ). A number of modeling approaches have been applied to understanding the toxicokinetics of skin and have been reviewed extensively elsewhere (Mitragotri et al., 2011) . early work on skin focused on understanding to what extent an ingredient would be systemically available following dermal exposure, leading to a number of data-driven quantitative structure-permeation relationship (QSPR) models that make predictions of ingredient flux across skin based on ingredient lipophilicity and molecular weight (Potts and Guy, 1992) . However, more recently, physiologically-based compartmental models of varying complexity have been investigated from both a theoretical and experimental standpoint, and where the tK of local skin concentrations are considered explicitly (McCarley and Bunge, 2001; Pendlington et al., 2008) . In this approach, the variables of the model represent the ingredient concentration in the major skin compartments, and the model parameters (diffusion and partitioning) are determined by fitting to time course data on ingredient concentration in the compartments (Davies et al., 2011) . this data-driven modeling approach provides a description of the free concentration of ingredient in the viable skin over time and enables extrapolation to repeat The key metrics (variables) of sensitizing ingredient exposure across levels of biological organization: from concentration in the product to that at the target site. The "Product Use" and key "Toxicokinetic Events in Skin" are explicitly considered in relating the TK model input, concentration applied on the skin (mM), to the output, free concentration at the target site (mM). This is the concentration available to drive the molecular initiating event, i.e., the modification of skin proteins.
be needed for parameterization of such models (Jacques et al., 2010; Zalko et al., 2011; Götz et al., 2012; van Eijl et al., 2012) . Additionally, the effects of product formulation on ingredient partitioning and diffusion through skin are thought to be of significance and are not well understood. Aspects of cosmetic formulation such as the water/oil or oil/water basis of the emulsion, the surfactant organization, and other structural and chemical properties are likely to affect the skin toxicokinetics of sensitizing ingredients (Otto et al., 2009 ). An understanding of these effects is required for accurate prediction of subsequent skin toxicokinetics under a variety of product formats.
Ultimately, the evaluation of these models with relevant in vivo data is technically challenging. A number of approaches, such as tape stripping and Raman spectroscopy, can be used to determine ingredient concentration in the upper layers of the stratum corneum and the epidermis, but deeper layers are only accessible via disruptive procedures such as micro-dialysis and punch biopsies (Holmgaard et al., 2010; Bonnist et al., 2011; Wang and Maibach, 2011) . evaluation of such models over a wide range of ingredient chemistries and formulations is a challenging prospect. Addressing these challenges is key to developing a quantitative understanding of skin toxicokinetdescriptors such as molecular weight and logP (Wang et al., 2006) . Nevertheless, these sub-models still require a level of parameter fitting against data that limits their applicability in providing the required parameter estimates in unexplored regions of chemical space. To make further progress will require considerations at the micro-scale and, to that end, molecular dynamics simulations have been applied to determine both the microscopic diffusion coefficient in SC lipid bilayers and the rate of keratin binding in corneocytes (Rim et al., 2009; Notman and Anwar, 2013) . Although computationally expensive, these simulation results can be used to generate the bulk macro-scale parameters required by the continuum-based PDE approaches.
Significant progress has been made in skin toxicokinetic modeling, but some key challenges remain. transformation of the ingredient in formulation and skin are thought to be of significance in skin allergic response. In formulation, the process is likely to be abiotic transformation via autoxidation and hydrolysis, but in the viable tissues of the skin, enzyme-driven transformation is likely. Although these processes have been largely ignored in current skin toxicokinetic models, addition of model structure to accommodate metabolic clearance and activation is less of a challenge than the experimental approaches that would Locations that might be considered required for a physiologically-based toxicokinetic model for skin sensitization: concentration in product formulation; concentration in stratum corneum; ingredient (hapten, pro-hapten, or pre-hapten) concentration in the A) extracellular and B) intracellular space of viable skin. Processes that would likely be represented: 1) evaporation from product formulation; 2) diffusion across skin layers; 3) capillary clearance; 4) extra/intra-cellular distribution; 5) clearance of the ingredient by transformation (e.g., Phase II metabolism); 6) pre-hapten activation by abiotic transformation; 7) pro-hapten activation by enzymatic transformation (e.g., Phase I metabolism).
modification of proteins by sensitizers generally is regarded as an irreversible reaction with the rate of modification dependent on the free concentration of the sensitizing ingredient, the free concentration of protein or peptide, and the inherent rate of the reaction. Given the importance of this step to the adverse response, a significant amount of experimental and theoretical chemistry work has been devoted to determining the reactivity of sensitizing ingredients and the reaction rates of ingredients with model proteins and peptides (Böhme et al., 2009; Roberts and Natsch, 2009; Chipinda et al., 2010) . However, the simple experimental systems used to determine reaction kinetics will differ from that of skin in a number of ways, such as: competition for binding between the mixture of proteins present, difference in protein expression levels, difference in pH and steric hindrance. As such, it remains an open question as to how representative chemical kinetics derived from experimental measurements in simple systems might be of the those occurring in viable skin. Some recent, and perhaps more biologically relevant, experimental studies have investigated sensitizer exposure to keratinocytes in vitro have been able to identify the sites of protein modification and thus peptides that may be immunogenic (Bauer et al., 2011; Simonsson et al., 2011) .
We are far from having models that can predict the concentration and specificity of sensitizer-induced protein modifications in skin. Nevertheless, the free ingredient concentration in skin (from the tK modeling approaches discussed above) and an experimentally derived ingredient-protein reaction rate could be used to estimate a bulk concentration of modified protein in skin ics. However, drawing on predictions from the available skin toxicokinetic modeling approaches discussed above would represent a practical first step in determining the free concentration of the ingredient at the target site (see Fig. 4A ).
The molecular initiating event
Physiologically-based toxicokinetic models of skin can provide the ability to predict the free concentration at the site of the MIe following a defined topical exposure, but relating this to the likelihood of an adverse outcome requires an understanding of both the nature and magnitude of the MIE and the subsequent toxicodynamics of the response. the MIe is the interaction between a chemical and a biological target (generally thought of as molecular) sufficient to cause subsequent events at higher levels of biological scale (e.g., cellular, organ) and ultimately culminating in the adverse response as detailed by an AOP (Ankley et al., 2010) . the MIe for skin sensitization considered in the OeCD AOP and widely accepted as the key causative event is haptenation: the modification of skin protein by a sensitizing agent, the hapten (lepoittevin et al., 2011; OeCD, 2012a) (see "Molecular Initiating event" in Fig. 2) .
Sensitizers by themselves are not large enough to be recognized by the immune system and so the importance of haptenation is that it provides a source of antigen in the form of modified protein, which the immune system recognizes as nonself (Martin and Weltzien, 1994; Weltzien et al., 1996) . the importance of pMHC affinity for TCR is recognized but the exact nature of how binding affects activation is debated (Carreño et al., 2006; Stone et al., 2009; Morris and Allen, 2012) . the affinity profile of presented pMHCs for a given TCR depends on the nature of the pMHCs itself. Understanding this requires knowledge of the structural nature of the protein modifications in skin. Additionally, the amount of a specific modified pMHC on an APC depends on the likelihood of source modifications being presented by APCs. Experimental studies have been performed where peptides have been eluted from cells and sequencing performed by mass spectrometry to gain an understanding of the self-peptide repertoire that can be presented by MHC (Hickman et al., 2004; Gebreselassie et al., 2006) . Subsequent computational analysis of such datasets has confirmed that presented peptides are more likely to have a high binding affinity with MHC and are generally derived from high-abundance proteins (Johnson et al., 2009; Ben Dror et al., 2010; Hoof et al., 2012) . Protein identification and abundance in skin has been addressed in recent proteomic studies and computational models are available for predicting the binding affinity of peptides with various HlA types (Vita et al., 2010; Gill et al., 2011; van Eijl et al., 2012) . Although this ability to predict presented peptides exists, significant progress in this area, both experimentally and computationally, will be required in order to make predictions on modified pMHC molecules. For this aspect of the response, a practical first step would be to assume that the amount of pMHC per APC or the fraction of APCs able to induce a t cell response is proportional to bulk concentration of modified protein in skin.
A number of characteristics of the clonally expanded t cell population have been hypothesized as contributory factors in the establishment of ACD: breadth (the clonal diversity of the T cell response), quality (the balance achieved between effector and regulatory cells) and magnitude (the vigor and duration of proliferation and the clonal expansion of allergen-reactive t cells). the combined state of these three variables with respect to the sensitizing ingredient is thought to determine whether an individual will display the adverse response, i.e., has the potential to elicit an allergic contact dermatitis response (Kimber et al., 2012 ) (see "Organ/System Response" in Fig. 5 ). Of the three t cell response metrics that likely characterize the adverse response, predicting the magnitude of the t cell population is likely to be the most straightforward starting point for development of a toxicodynamic model; descriptions of how this population is partitioned into T cell subtypes (quality) or clonotypes (breadth) is a refinement that can be built upon the magnitude prediction as knowledge is acquired. While both CD4 + and CD8 + t cells are known to be involved, CD8 + t cells have been identified as the primary effector cells in the skin sensitization response (Kimber and Dearman, 2002) . thus the magnitude of the antigen-specific memory CD8 + t cell population may be considered a practical starting toxicodynamic metric with which to distinguish an adverse response from normal function. Very little sensitizer specific-data is available to build an understanding of how these three variables characterize the adverse response. However, more is known about the t cell proliferation dynamics in response to pathogens, and these data could serve using the appropriate chemical kinetics model. estimating the bulk concentration of modified protein in skin may be regarded as a practical first step in developing a better quantitative understanding of the magnitude of the MIe for a given topical exposure (see Fig. 4B ).
Toxicodynamics of skin allergy
A combination of physiologically-based toxicokinetic models of skin and chemical kinetics modeling may provide an estimate of bulk concentration of modified protein in skin. However, relating this to the likelihood of an adverse outcome requires the addition of a toxicodynamic modeling approach. toxicodynamics is often referred to as "what the ingredient does to the body" initiated by the ingredient's toxicological mechanism of action via the MIe. Here we use the term toxicodynamic model to encompass any mathematical modeling approach that utilizes the available mechanistic knowledge for determining the relationship between the magnitude of the MIe and the likelihood or severity of the adverse response. Such a broad definition also encompasses the "toxicity pathways" modeling proposed by the NRC report "toxicity testing in the 21 st Century" but has the explicit modeling aim to include the necessary detail across biological scale to enable prediction of the likelihood or severity of the adverse response (Krewski et al., 2010; Bhattacharya et al., 2011) .
the OeCD AOP for skin sensitization highlights the successful presentation of modified peptides resulting in antigen-specific t cell proliferation and the formation of a pool of effector and memory t cells and their mediation of the elicitation response as a key causal event. this results from a number of coordinated toxicodynamic events (see "toxicodynamic events of the AOP" in Fig. 5 ). Initial t cell contact with the immune system occurs in the lymph node where the immigrant antigen presenting cells (APCs) present processed haptenated protein (the antigen) to the resident t cells. It is not known how haptenated protein is processed by APCs (langerhans Cells and dermal dendritic cells), however the involvement of CD8 + and CD4 + t cells in the response is suggestive of presentation via both major histocompatibility complex type I (MHCI) and II (MHCII). Sensitizer-derived antigenic peptide presented on MHC (pMHC) could be generated by a number of different routes: processing of protein haptenated outside the APC; processing of protein haptenated inside the APC; cross presentation of peptide loaded MHC from another cell; or by direct haptenation of peptides already presented on the MHC. Antigen presentation to specific naïve T cells causes clonal expansion and the generation of an antigen-specific memory T cell population. The amount of expansion from a naïve T cell is dependent on the duration of the synaptic interaction between the APC and the t cell. this, in turn, is determined by the affinity of the pMHC for the T cell receptor (tCR), the amount of pMHC on each APC, and the level of co-stimulatory molecule expression (see "Cellular Response" in Fig. 5) .
the ability to measure and predict these three variables from existing knowledge and experimental techniques is limited. The of individual agents (e.g., T cells) based on defined rules for their behavior and interactions.
A toxicodynamic model of the sensitizer-specific CD8 + t cell response would have to consider a number of tissues, immigrant APC populations, t cell subsets, and population dynamic processes. A pragmatic model of the t cell response should represent only cell types that are relevant to generation of the CD8 + T cell memory population (Fig. 6 ). This includes naïve CD8 + t cells (N) as precursor cells, effector CD8 + t cells (e) which have been shown to be involved in response to chemical allergens (xu et al., 1996; Martin et al., 2000; Wang et al., 2000) , and the critical memory populations. It is not known which memory population contributes to the acquisition of sensitization, so both the effector memory (eM) and central memory (CM) subtypes should be considered. the route of differentiation from naïve to memory and effector cells currently is hypothesized to occur by one of six distinct mechanisms (Ahmed et al., 2009; Kaech and Cui, 2012) . Until further research uncovers which hypothesis is most likely, the key activated-naïve/precursor-memory state could be represented as an intermediate population (termed proliferating memory, PM). Following expansion in the lymph node, the t cells enter the blood and effector and effector memory t cells home to the skin. explicitly modeling these CD8 + t cell populations in the blood and skin allows model predictions to be made that could be reconciled with clinical measurements in blood or from skin biopsies. The key parameters required for such a model would as a model response with which to populate a toxicodynamic model for skin sensitization.
For more than a decade, mechanism-based mathematical approaches have proved useful for understanding the viral dynamics of immune responses (Perelson and Weisbuch, 1997; Asquith and Bangham, 2003) . Much of the research has focused on chronic infectious diseases such as human immunodeficiency virus (HIV), human T cell lymphotropic virus (HTLV), and hepatitis (Perelson, 2002; Wodarz, 2006; Asquith and Bangham, 2007) . Acute viral infections also have been modeled, such as influenza and lymphocytic choriomeningitis virus (lCMV) in mice, with models that include mechanisms for activation and proliferation of naïve T cells (Bocharov, 1998; Bocharov et al., 2003; tridane and Kuang, 2010 ) that provide a closer analog to the induction of skin sensitization. the predictions from these models have been successfully used to test hypotheses such as programmed t cell proliferation and to build an understanding of the dynamics of t cell proliferation (Kaech and Ahmed, 2001; Antia et al., 2003; Wherry et al., 2003) . Modeling approaches such as stochastic modeling and agent-based modeling also have been used to describe variability in the dynamic response (Chao et al., 2004) . Stochastic models capture probabilistic elements of the system, for example the probability of encounters between APCs and t cells in the lymph nodes, or variations in the response due to potentially small numbers of antigen-specific T cells. Agent-based models are even more detailed, directly simulating the behavior the models of t cell dynamics discussed and their biological parameterizations may therefore serve as a good first approximation for a toxicodynamic model of t cell proliferation in response to sensitizing ingredients (see Fig. 4C ). translation of these models for skin sensitization responses and determination of the required model parameters, such as rates of antigenspecific proliferation, constitutes a significant experimental and clinical challenge (Kimber et al., 2012) .
Discussion
We propose an approach to risk assessment of skin sensitization without animal testing that uses tailored data to support predictive physiologically-and mechanistically-based toxicokinetic-toxicodynamic modeling. Research into the feasibility of constructing such models and to provide a prediction of the T cell response for a given consumer exposure to specific sensitizing chemicals is underway (see Fig. 4 ). However, in order to use such models two questions must be answered: First, what confidence do we have in the model prediction of the T be the death and proliferation rates of all cell types in both the absence and presence of antigen, the initial size of the naïve antigen-specific CD8 + t cell population available for clonal expansion, and the migration rates of cells between lymph node, blood and skin (see Fig. 6 ). Human data is available for many of these parameters based on measurements taken in blood in the absence of antigen (Mclean and Michie, 1995; Murray et al., 2003; Vrisekoop et al., 2008) . However, in the presence of sensitizer stimulation, model parameterization becomes more challenging and may be built using information from other immune responses under the assumption that the underlying cell response mechanisms are common. One possible source of information is responses to viral infection (Ahmed and Akondy, 2011) , although the most detailed quantitative data available in this case are from mice (Yoon et al., 2010 (Yoon et al., , 2012 . However, it may be that immune responses to passive antigens give a more relevant comparison to the case of sensitizers than responses to highly dynamic pathogens such as viruses. examples of passive antigens include vaccines intended to produce a CD8 + response (Butler et al., 2011) or drugs that cause hypersensitivity (Ostrov et al., 2012) . nosed "patch test positive" with contact allergy (Nedorost and Cooper, 2001; White, 2012) . As discussed above, a number of characteristics of the t cell population have been hypothesized as contributory factors in the establishment of ACD including, breadth (the clonal diversity of the t cell response), quality (the balance achieved between effector and regulatory cells), and magnitude (the vigor and duration of proliferation and the clonal expansion of allergen-reactive t cells). the sensitization response generally is regarded to be a threshold response, i.e., there is an exposure threshold (µg/ cm 2 ) below which sensitization either does not occur or is not observed clinically (Kimber et al., 1999) . this suggests that there exists a dose thresholded event in the biology beyond which the sensitization response emerges. Such a threshold could be either quantitative, e.g., the magnitude of a population of memory t cells below which sensitization is clinically silent, or qualitative, e.g., the population balance of T cells of a particular breadth of phenotype that correspond with sensitization. We propose the magnitude of the antigen-specific memory CD8 + t cell population as a reasonable starting metric with which to attempt to identify the adverse response threshold (see Fig. 4C ). A qualitative and quantitative investigation of t cell populations and surrogate biomarkers in existing patient populations of sensitized individuals could be used to characterize what constitutes, clinically, an adverse t cell response. A particular challenge in this regard would be building an understanding of what aspects of the biology drive variability and incorporating this into the tKtD models.
Consumer safety risk assessment for skin sensitization has the objective of determining a safe exposure for product ingredients commensurate with the level of skin sensitization hazard (potency) they pose. the current paradigm is one of comparing consumer exposure with potency data and applying uncertainty factors for which there is historical precedent (Felter et al., 2002) . Historically, such potency data has been generated in animals and equivalent prediction by non-animal methods is not currently regarded as possible (Adler et al., 2011) . When the risk assessment is required to be performed without animal testing, then fully utilizing and quantifying the mechanistic knowledge on the adverse response is key. Adverse outcome pathways are a tool to capture current knowledge on the molecular, biochemical, cellular, organ-and organism-level effects of a toxicant on the biological system. Quantifying these effects in the context of consumer exposure could be achieved by constructing physiologically-and mechanistically-based tKtD models informed by tailored non-animal experimental data and theoretical chemistry predictions. Confidence in such an approach to skin allergy risk assessment could be achieved by better characterization of the sensitizer specific T cell response in humans and comparison of model predictions with clinical exposures known to result in the acquisition of ACD. Ultimately, such an approach will serve to put skin sensitization risk assessment on a sound theoretical, experimental, and clinical footing, robust and adaptable to the new discoveries and advances in the field of immunobiology. cell response? Second, is the predicted response indicative of an adverse sensitization response?
AOPs detail the known molecular, biochemical, cellular, organ-and organism-level effects of a toxicant on the biological system required for mechanism-based toxicodynamic modeling and development of the required supporting experimental approaches. Confidence in such mechanism-based models comes, first, from conviction in both the underlying mechanisms being truly causal events in the response and in the relevance of the experimental data used to inform those mechanisms and subsequent model parameterization. Conviction in the underlying mechanisms and data comes from continued scientific enquiry and robust peer review. Maintaining and updating a knowledge base for AOPs based on available scientific research should be a continual process and can be achieved in a collaborative manner via open-source tools such as http:// www.effectopedia.org. In addition to capturing and documenting the biological mechanisms, the model assumptions, structure, and parameterization must also be made transparent. For complex models with many parameters this in itself can be a significant challenge, but frameworks are available (Andrews et al., 2010) . Furthermore, given the limitations, particularly in quantitative knowledge, TKTD modeling frameworks that explicitly capture uncertainty in underlying modeled data, parameters, and mechanisms would likely need to be employed (Alden et al., 2013) . Ultimately, peer-review of AOPs in the scientific literature and discussion at a global regulatory level provides confidence and contributes to their acceptance for use in risk assessment (OeCD, 2011 (OeCD, , 2012a .
In addition to having an accepted mechanistic rationale, confidence in mechanistic TKTD models for risk assessment comes from to an ability to demonstrate their qualitative and quantitative predictive capability. This is a process of challenging the model with previously unseen observational data and determining the extent of the discrepancy between the observation and model prediction. In the context of the practical tKtD models discussed above for skin sensitization, this would amount to comparison of prediction and observation of the memory t cell population following sensitizer exposure (see Fig. 4 ). the observational data could be obtained using in vitro systems and compared to a tKtD model with an in vitro parameterization. Demonstrated in vitro predictive power would provide more confidence when changing to an in vivo parameterization and predicting the response to an actual exposure scenario in humans. Ideally, model predictions and observations should be made in the system of interest and, to this end, topical immunotherapy may provide an opportunity to ethically study the emergence of a sensitizer-specific T cell response in humans (Singh and lavanya, 2010) . the purpose of such an evaluation would be to provide sufficient confidence in the underlying mechanistic assumptions modeled in order to make predictions on novel ingredients for which no clinical data is available.
Understanding what constitutes an adverse outcome in terms of the underlying T cell response requires characterization of this response in subjects who have been diag-
